Abstract Acute hypertension (HTN) in hospitalized children and adolescents occurs relatively frequently, and in some cases, if not recognized and treated promptly, it can lead to hypertensive crisis with potentially significant morbidity and mortality. In contrast to adults, where acute HTN is most likely due to uncontrolled primary HTN, children and adolescents with acute HTN are more likely to have secondary HTN. This review will briefly cover evaluation of acute HTN and various age-specific etiologies of secondary HTN and provide more in-depth discussion on treatment targets, potential risks of acute HTN therapy, and available pediatric data on intravenous and oral antihypertensive agents, and it proposes treatment schema including unique therapy of specific secondary HTN scenarios.
Introduction
Acute hypertension (HTN) in hospitalized children and adolescents occurs with relative frequency and can rarely result in a medical emergency associated with significant morbidity and mortality, most commonly in the central nervous system [1] . Thus, prompt recognition, initiation of therapy, and continued monitoring to assess for HTN complications, treatment efficacy, and side effects are vital.
HTN in children and adolescents is defined as systolic blood pressure (BP) and/or diastolic BP≥the 95th percentile for age, gender, and height on at least three separate occasions and is further classified as stage 1 and stage 2 [2] . Stage 1 HTN is defined as the systolic and/or diastolic BP≥the 95th percentile to 5 mmHg above the 99th percentile. Stage 2 HTN is defined as the systolic and/or diastolic BP≥5 mmHg above the 99th percentile [2] . Hypertensive crisis is defined as a rapid increase in BP, usually far above the threshold for stage 2 HTN [3•] . Traditionally, it has been divided into two categories: hypertensive emergency and urgency. However, this distinction may be arbitrary and relies on the judgment of the treating clinician [4•] . Both require prompt pharmacologic intervention for BP reduction [5•] . Hypertensive emergency is defined as acute severe symptomatic HTN with potentially life-threatening symptoms or target organ damage, while urgency is a similar level of HTN but without severe symptoms or target organ damage [6] .
There are very limited published data on the prevalence of pediatric acute HTN in contrast to chronic HTN [7] . In one retrospective study performed in a tertiary care center, 35 of 246 children admitted to the hospital with sustained HTN had severe HTN with complications including encephalopathy and congestive heart failure [8] . Yang and colleagues reported a total of 55 children who presented with hypertensive crisis to their pediatric emergency department, of whom 84 % were classified to have hypertensive urgency and 16 % as hypertensive emergency [9] .
In this review, we will briefly discuss the evaluation of pediatric patients with acute HTN including age-specific secondary HTN etiologies as well as a more in-depth discussion of the therapy target and treatment options: both intravenous (IV) and oral agents. Furthermore, we present a therapeutic schema including a number of specific secondary HTNs.
Evaluation
The first priority when approaching patients with suspected acute HTN is to confirm the BP measurement and to rapidly assess the severity of HTN. This is preferably done by manual auscultation using an appropriate size cuff. The fourth report on high BP in children and adolescents provides guidelines on proper equipment and technique [2] . If hypertensive crisis is confirmed, therapy and evaluation should occur concurrently not only in hypertensive emergency, but also in urgency to prevent patients from progressing to hypertensive emergency [1, 4•, 10] .
Targeted history and physical examination should seek the potential etiology of HTN and severity and duration of HTN. This includes assessing for target organ damage and contraindications to urgent initiation of therapy such as head trauma, stroke, an intracranial mass, and pain. In contrast to adults, where HTN crisis is most often due to uncontrolled primary HTN, children and adolescents are more likely to have secondary HTN. In neonates, the most common etiologies are renovascular disease (including thrombi from umbilical artery lines and renal artery stenosis), coarctation of the aorta, autosomal recessive polycystic kidney disease, renal parenchymal disease, and caffeine overdose. In children, the most common etiologies are renal parenchymal disease (including acute glomerulonephritis, hemolytic uremic syndrome, and reflux nephropathy), renovascular disease, coarctation of the aorta, and neuroendocrine tumors such as pheochromocytoma. Lastly, adolescents have similar etiologies as children, and in addition, substance abuse including cocaine and amphetamines, preeclampsia, and drug overdose of pseudoephedrine, phenylpropanolamines, nonsteroidal anti-inflammatory drugs, and monoamine oxidase inhibitors must all be considered [3•] . Thus, the initial laboratory study should include serum chemistries, renal function, plasma rennin activity, aldosterone, urinalysis, and, if appropriate, plasma metanephrines, or urine catecholamines.
When patients are more stable, evaluation should expand to imaging studies such as renal ultrasonography to screen for renal structural and parenchymal disease and echocardiography to evaluate for left ventricular hypertrophy. Renal ultrasound with Doppler study is not definitive for evaluating renal vascular disease [11] ; thus, if suspicion for renal vascular disease is high, more definitive studies such as computed tomographic angiography, magnetic resonance angiography, and/or digital subtraction angiography are recommended. Dilated ophthalmologic examination should also take place. Brain MRI should be obtained if there is concern about posterior reversible encephalopathy syndrome. For more detailed discussions on the pathophysiology and evaluation of pediatric hypertensive crisis, readers are encouraged to read these publications [3•, 4•, 7] .
Treatment Target
The rate of BP rise is as important as the severity of HTN; therefore, after prompt recognition of hypertensive crisis, the immediate initiation of therapy is required. The key to treatment is to lower the BP promptly but gradually, since the duration of HTN is often difficult to determine upon presentation. The current recommendation is to reduce mean arterial pressure (MAP) by no more than 25 % within the first 8-12 h and then gradually to normalize it in the next 48 to 72 h [4•, 12] . Care must be given not to lower the BP too rapidly, especially in patients with long-standing HTN, to avoid inducing organ ischemia including cerebral hypoperfusion and even death [4•, 13] . In patients with chronic HTN, the cerebral autoregulation curve may be shifted to a higher BP range to protect the brain from hyperperfusion, as indicated by the dotted line in Fig. 1 [4•, 14] . Lowering the BP too rapidly may result in ischemic stroke [5•] . Table 1 summarizes antihypertensive medications used to treat hospitalized children and adolescents with acute HTN, including their class, route, dosing, and potential side effects. As in the case with many pediatric antihypertensive medications, a number of these agents do not have pediatric FDA approval for acute HTN, and the following discussion is based on published reports.
Treatment Options

IV Agents
Nicardipine and labetalol are the first line IV antihypertensive agents used. Esmolol is less frequently used, with minimal published pediatric data. Previously, nitroprusside was commonly used; however, this has fallen out of favor because of the problems with cyanide toxicity and tachyphylaxis that can develop with prolonged use. Hydralazine IV is an acceptable alternative to labetalol bolus. Enalaprilat is also occasionally used; however, it can induce acute kidney injury and must be used with caution in neonates and patients with chronic kidney disease and volume depletion. Newer IV agents such as fenoldopam and clevidipine are not commonly used because of limited pediatric studies, but may be promising based on adult trials. Phentolamine may be helpful in catecholamineand cocaine-induced hypertensive crisis.
Nicardipine is a second-generation dihydropyridine calcium channel blocker and is considered as a first line agent in hypertensive crisis [2] . It induces vascular smooth muscle relaxation and peripheral vasodilation; however, it maintains some cardiac activity, making it capable of decreasing systemic vascular resistance without inducing extreme tachycardia [5•] . It has a rapid onset of action, usually within 1-2 min, with 3 h duration of action after a single dose. These characteristics make this agent attractive for acute HTN due to various etiologies. Dosing starts at 0.5-1 μg/kg/min and can be titrated up every 15 to 30 min, with a maximum dose of 4 μg/kg/min [4•, 5•]. Nicardipine was effective and safe in controlling hypertensive emergency in a case series of seven pediatric patients. Two of the seven patients who received the infusion through a peripheral line developed superficial thrombophlebitis [15] . Flynn and colleagues published the largest pediatric cohort of patients who received nicardipine for severe HTN; 29 children were included aged 2 days of life to almost 18 years old [16••] . The starting dose administered was 0.2-1.3 μg/kg/min, and the BP target, identified as the 95th percentile for age and gender and height, was achieved within 0.5 to 9 h after the initiation of therapy with a mean dose of 0.3-4 μg/kg/min. None of the patients required an additional antihypertensive agent. Adverse effects included hypotension, tachycardia, flushing, and palpitations. Nicardipine is effective and safe in the management of hypertensive crisis; however, a pediatric randomized controlled trial has not been performed to date.
Labetalol is an α 1 and β adrenergic blocker that causes a reduction in peripheral vascular resistance with little effect on cardiac output and can be administered orally or intravenously. By blocking α 1 receptors, it causes vasodilation. In hypertensive crisis, only the IV route should be used. Because of its negative inotropic effects, it should not be used in individuals with bronchospasms or congestive heart failure. It may also mask the symptoms of hypoglycemia such as increased heart rate or tremors; therefore, it should not be used in diabetic patients. It has a rapid onset of action in 2-5 min and peaks at 5-15 min, and its effect lasts up to 2-4 h. It can be administered as a bolus dose of 0.2-1 mg/kg up to a maximum of 40 mg or as a continuous infusion of 0.25-3 mg/kg/h [2, 4•, 6 ]. Thomas and colleagues reported 27 children <24 months of age who received 37 continuous infusions of labetalol, nitroprusside, or nicardipine for severe HTNs. All three agents led to significant reductions in BP within the first 6 h of therapy. Time to achieve a 20 % reduction in mean systolic BP was comparable among the three agents. The dose response relationship demonstrated BP reduction with dosages up to 0.59 mg/kg/h, with doses>0.6 mg/kg/h demonstrating minimal further reduction in BP. Patients with ischemic or traumatic brain injury were more likely to develop hypotension with labetalol in comparison to nitroprusside and nicardipine and required discontinuation of the infusion. Thus, the authors suggested caution in initiating labetalol in this patient population [17••] .
Hydralazine is a direct arteriolar smooth muscle vasodilator that decreases systemic vascular resistance; its mechanism of action may involve an alteration of the intracellular calcium metabolism. Its onset of action is within 10 min of administration, and it has maximal effects 10-80 min after administration, lasting for 2-4 h [4•]. When immediate IVaccess is not available, it can be given intramuscularly. By stimulating the sympathetic nervous system through its effects on arteriolar smooth muscle and its absence of opposing negative inotropic effects, it often causes reflex tachycardia, activation of the renin angiotensin system, and sodium retention. A bolus dose is given at 0.2 to 0.6 mg/kg, with a maximum dose of 20 mg Esmolol is an ultra-short-acting cardioselective β 1 adrenergic blocker with its onset of action occurring in less than 1 min and has a half-life of 10-20 min. It is well suited for use in individuals with multiorgan failure because its metabolism is independent of both the hepatic and renal metabolism [6] . For hypertensive crisis secondary to catecholamine excess, esmolol should not be used as HTN is propagated by persistent α stimulation. At high doses, its β 1 selectivity is lost, and β 2 receptors are activated in bronchioles and the peripheral vasculature, which may induce bronchoconstriction [5•] . A loading dose is given at 100 to 500 μg/kg followed by infusion of 50 to 150 μg/kg/min, and it can be titrated every 10-15 min up to 1000 μg/kg/min [4•, 5•, 7] . Adverse effects include bradycardia, hypoglycemia, and potential for bronchoconstriction. Tabbutt and colleagues reported the results of a multicenter, randomized, double-blind trial that evaluated the efficacy of esmolol in 116 pediatric patients undergoing surgery for coarctation of aorta repair. Patients younger than 6 years old were randomized into three dosing groups, which included bolus doses of 125 μg/kg, 250 μg/kg, or 500 μg/kg followed by continuous infusions at the same dose per minute. All groups showed a significant decrease in systolic BP within the first 6 h of administration with no statistically significant differences in the lowering of BP between age groups or between dosing groups. Reported adverse effects included hypotension, wheezing, bradycardia, and reaction at the injection site [18] . Pediatric studies of esmolol in non-cardiac conditions have not been reported.
Enalaprilat is the only available IV angiotensin-converting enzyme (ACE) inhibitor and may be very effective in patients with renin-mediated HTN. However, there has never been a systematic study on the safety and efficacy of this agent, and the published recommended dose is based on a small case series limited to neonates [19] . The onset of action is 15 min, with effects lasting up to 24 h. A dose of 5 to 10 μcg/kg/dose is given up to 1.25 mg/dose [2, 3•, 4 •]. In a case series of ten premature infants who received enalaprilat doses of 7.4 to 22.9 μg/kg/24 h, MAP decreased within 30 min of administration, and its effect on BP persisted for a median of 12 h. Adverse effects included prolonged hypotension, oliguria, hyperkalemia, and increased serum creatinine [19] . With higher plasma renin activity and frequency of renovascular Clevidipine is an ultrashort-acting dihydropyridine calcium channel antagonist with potent arterial vasodilating activity to reduce systemic vascular resistance without having negative chronotropic or inotropic effects on the heart. Its onset of action is within 2 min, with a rapid offset of 5-15 min and a half-life of less than 1 min. It undergoes rapid metabolism by non-specific blood and tissue esterases, and therefore no dosing adjustment is required in those with renal or hepatic impairment [21] . Adult trials have demonstrated its efficacy in rapidly controlling BP in various clinical settings with a favorable adverse effect profile [22] . Because it is prepared in a lipid solution, it is contraindicated in those with egg and soy allergy as well as those with lipid disorders [3•, 23] . One retrospective report included 14 pediatric patients, 11 months to 15 years old, undergoing surgery for congenital heart disease [24••] . In six patients, it was administered as a continuous infusion for postoperative HTN; in five patients, a bolus dose for HTN during emergence from anesthesia; in three patients, it was given as continuous infusion for intraoperative BP control during cooling and cardiopulmonary bypass. For the six postoperative patients, the dosing requirement ranged from 1 to 7 μg/kg/min to reach the target BP within 5 min. Two patients on higher dosing (5-7 μg/kg/min) required propranolol to treat tachycardia. In the five patients with postoperative HTN, nine bolus doses (10-15 μg/kg/dose) were administered and resulted in a significant decrease in MAP without therapy needed for reflex tachycardia. Patients on cardiopulmonary bypass failed to reach the target MAP despite doses up to 10 μg/kg/min, and this was hypothesized to be secondary to inactivation of calcium channels during hypothermia.
Diazoxide is a direct vasodilator that increases the permeability of the vascular smooth muscle membrane to potassium. In a multicenter study, McCrory and colleagues investigated its safety and efficacy in 36 children aged 2 months to 18 years old with severe symptomatic HTN. Diazoxide IV quickly reduced BP without significant adverse effects and was effective at lowering BP in 94 % of the patients [25] . Administering mini-boluses is recommended for injection since large boluses can result in severe hypotension. The recommended dosage is 1-3 mg/kg every 5-15 min [26] . This agent has been unavailable in the US since 2006 but may be available in other countries [personal correspondence with Merck].
Phentolamine is an α adrenergic antagonist that is used to treat catecholamine-induced HTN, as in pheochromocytoma, cocaine, or pseudoephedrine overdose. Beta-blockers can be added to prevent tachycardia once α blockade has been achieved. Suggested dosing is 0.1 mg/kg with a maximum dose of 5 mg [3•, 4•, 6] .
Sodium nitroprusside is a direct vasodilator of both venous and arteriolar smooth muscle cells with a rapid onset of action, 1-2 min, and a plasma half-life of less than 10 min. It reduces total peripheral resistance by releasing nitric oxide, which dilates venules and arterioles, thus reducing the preload and afterload and making it useful in congestive heart failure from hypertensive crisis. The suggested dosing is 0.5-10 μg/kg/min [2, 4•] . Toxicity is the result of the metabolism of nitroprusside to cyanide and thiocyanate, and its risks increase after 24-48 h or in patients with decreased renal function. Cyanide toxicity results in metabolic acidosis, methemoglobinemia, tachycardia, and altered mental status. Although thiocyanate has a less toxic profile than cyanide, its toxicity includes altered mental status, nausea, vomiting, psychosis, seizures, anorexia, and coma. Co-administration with sodium thiosulfate can reduce elevated serum cyanide concentrations. Because of this toxicity potential, most recommend limiting nitroprusside use to situations where no other suitable agent is available [6] .
Oral Agents
Isradipine is a second-generation dihydropyridine calcium channel antagonist with primary effects on L-type calcium channels, thereby causing vasodilation without a significant effect on myocardial function. It has an onset of action of 30-60 min, with its peak at 2-3 h, and the half-life is approximately 3-8 h. The recommended starting dosing is 0.05 to 0.1 mg/kg per dose up to 5 mg. Miyashita and colleagues reported a retrospective single-center experience of isradipine based on 282 hospitalized patients, aged 0.1 to 21.9 years, with acute HTN [27••] . All age groups were found to have a significant reduction in BP with doses of 0.06-0.11 mg/kg. Reported adverse events included nausea, emesis, headache, hypotension, dizziness, flushing, and palpitations. The patients that experienced hypotension were concurrently taking azole antifungals, which inhibit the metabolism of isradipine. They recommended an initial dose 0.05 mg/kg for children< 2 years old because of higher rates of hypotension in this age group. Precise dosing can be achieved because a stable extemporaneous suspension may be compounded for infants and small children [28] .
Clonidine is a centrally acting α 2 adrenergic agonist that causes vasodilation by decreasing central sympathetic tone. It has an onset of action of approximately 15-30 min after ingestion. Its maximal effects are seen in 30-60 min [29] . Recommended dosing is 0.05-0.1 mg/dose in older children, which can be repeated hourly up to 8 h (0.8 mg) [4•] . It is minimally removed by hemodialysis; therefore, it is very useful in dialysis patients with acute HTN [4•, 29] . The most common adverse effects are dry mouth and sedation.
Minoxidil is a direct arterial vasodilator that causes potassium efflux by opening potassium channels in vascular smooth muscle cells, thus leading to relaxation and hyperpolarization [5•, 30] . Its peak effect is within 1 h with a half-life of 4 h. Its effects may last up to 8-12 h. The recommended dose is 0.1 to 0.2 mg/kg per dose up to 10 mg per dose. Because it is renally excreted, dose adjustment is necessary in patients with reduced renal function. It is removed by dialysis and should be dosed after each dialysis session. Use in children with severe chronic HTN refractory to other medications and for acute elevation in BP with chronic HTN has been reported [31, 32] . Long-term adverse effects are fluid retention and hirsutism. Minoxidil is not available in a stable oral suspension like isradipine and clonidine.
Traditionally, short-acting nifedipine, another calcium channel blocker, has been recommended for management of acute HTN in pediatrics [12, 33, 34] . However, its use is contraindicated in adults with acute HTN because of the risk of sudden and severe reduction in BP that can lead to ischemic events [6, [35] [36] [37] . The pediatric literature on short-acting nifedipine has been more controversial. While its efficacy has been supported by several case series, reports of adverse events after its use in children, including sudden severe reduction in BP, change in neurological status [36] , cerebral ischemia [38] , and ventricular arrhythmia [39] , exist. Additionally, administration of short-acting nifedipine to infants and small children is difficult and risky because of the high concentration of drug in the liquid within the capsule [40] . For these reasons, some experts have recommended that alternative agents be used, especially with the fact that there are other oral agents (such as isradipine) available that can be compounded to a stable extemporaneous suspension [41, 42] .
Treatment Schema
As illustrated in Fig. 2 , we recommend the following general approach to treatment of acute HTN in the hospital setting. After initial assessment, the provider must determine whether an IV agent or oral agent is optimal to initiate therapy. Factors such as degree of HTN, type and severity of HTN symptoms, patient location within the hospital, and tolerability of oral medication can be used to make this determination. In more severe hypertensive crisis cases where patients are in areas of the hospital such as the emergency unit and the general pediatric floor where continuous infusion of antihypertensive medication is not routinely performed, careful administration of an initial IV bolus of labetalol or hydralazine is recommended. These patients must have follow-up BP monitoring with the oscillometric device programmed to measure repeated BP at short intervals until they are transferred to an intensive care unit. Once in the intensive care unit, continuous infusion of IV antihypertensive agents such as nicardipine and labetalol is recommended with the use of an intra-arterial catheter to monitor BP reduction. In less severe hypertensive crisis cases, IV antihypertensive agents are appropriate if the urgency is secondary to an acute process with a rapid change in BP. Conversely, in more chronic conditions, the use of oral medications is indicated with the goal to lower blood pressure less rapidly. However, in cases where oral medication is not tolerated, the use of IV medication is accepted.
Once patients are out of hypertensive crisis and appear to require long-term antihypertensive therapy, our experience has been to start transitioning patients from short-acting medication to long-acting oral medications when their BP values fall around the 90th to 95th percentiles for their age, gender, and height. We usually start long-acting medication while the patients are being weaned off short-acting medications. By this time, evaluation of HTN may have revealed an etiology, and when possible, the choice of agent should be dictated by addressing this underlying etiology.
Specific Secondary Hypertension Crisis
In the case of acute HTN secondary to acute glomerular diseases such glomerulonephritis (GN) with the etiology of HTN being salt and volume retention, concurrent use of IV loop diuretics, such as furosemide, with the agents discussed above will enhance antihypertensive efficacy. Because children and adolescents are most likely normotensive when they acquire acute GN, they experience a very rapid rise in BP and are at high risk of posterior reversible encephalopathy syndrome, and they have very little time for resetting cerebral perfusion autoregulation. Thus, these patients typically benefit from more aggressive antihypertensive therapy and tolerate treatment without experiencing organ ischemia.
Neuroendocrine causes of acute HTN such as pheochromocytoma caused by catecholamine excess should ultimately be treated with surgical resection; however, a medical regimen with antihypertensive agents should be initiated prior to the surgical procedure to prevent postoperative complications from catecholamine release. Initially, alpha blockade is obtained with agents such as phenoxybenzamine or doxazosin, followed by beta blockade. Complete removal of the pheochromocytoma usually results in normalization of catecholamine secretion and BP within 1 week [43] [44] [45] . For a more detailed discussion on preoperative pharmacological and volume management, readers are encouraged to refer to this review [46] .
In case of drug overdose, such as cocaine and amphetamines, HTN secondary to indirect α adrenergic effects is often treated with phentolamine. HTN in these individuals is usually transient, often treated with lorazepam for HTN and agitation. Beta-blockers are contraindicated in these patients because of their ability to cause unopposed α-adrenergic effects, thus worsening HTN and myocardial ischemia [47] .
Management of HTN in pregnancy must take into account both the mother and fetus. All antihypertensive agents cross the placenta, and there is limited comparative data on the efficacy and safety of these agents. Labetalol is the first line therapy, with hydralazine as an alternative. Calcium channel blockers such as nicardipine are also another option; however, experience with nicardipine is less than with labetalol and hydralazine. Data on nicardipine showed that target BP was reached in less than 30 min in 70 percent of pregnant patients with severe HTN without severe fetal or maternal side effects [48] . ACE inhibitors and angiotensin receptor blockers are contraindicated at all stages of pregnancy because they cause significant fetal renal and cardiac abnormalities. Nitroprusside is also contraindicated because of potential cyanide toxicity.
Conclusion
Acute HTN is a relatively common encountered problem in hospitalized children and adolescents. With proper assessment, therapy, and monitoring, the morbidity of both HTN and over-treatment can be minimized. Current treatment relies greatly on individual providers' experiences since published CHF congestive heart failure, IV intravenous, PO oral, GN glomerulonephritis, NE neuroendocrine, BP blood pressure pediatric data on various antihypertensive agents are relatively sparse. Further research to elucidate the frequency of acute HTN in children and adolescents and large, prospective, comparative studies to examine the efficacy and safety of antihypertensive agents are needed.
